Although therapeutic drug monitoring of plasma mycophenolic acid (MPA) concentrations has been recommended to individualize dosage in transplant recipients, little is known regarding lymphocyte concentrations of MPA, where MPA inhibits inosine monophosphate dehydrogenase (IMPDH). This study investigated the utility of measuring predose MPA concentrations in peripheral blood mononuclear cells (C 0C ) and predose IMPDH activity, as predictors of graft rejection in renal transplant recipients.
Introduction
Mycophenolic acid (MPA), one of the primary immunosuppressants administered to prevent rejection following renal transplantation [1] , exerts antiproliferative effects on lymphocytes as its major mode of action [2] . It is a potent, selective, reversible and noncompetitive inhibitor of inosine monophosphate dehydrogenase (IMPDH) type II, a ratelimiting enzyme involved in de novo purine synthesis that is selectively required for lymphocyte proliferation [2] . Inhibition of this pathway prevents the proliferation of lymphocytes and the activation of T-cells, which consequently contributes to the prevention of graft rejection.
The clinical use of MPA is compromised by MPA having a narrow therapeutic index and large inter-patient variability in pharmacokinetics [3] . Numerous studies have investigated the plasma MPA concentration-effect relationship, and recent consensus reports indicate significant benefits of monitoring area under the plasma concentration-time curve (AUC P ) with respect to rejection [3, 4] . In general, although there is also a relationship between MPA trough concentrations (C 0P ) and the risk of graft rejection, the data are more equivocal due to the variable enterohepatic recirculation of MPA and its inhibition by cyclosporin (CsA; but not tacrolimus, TAC), potentially resulting in different relationships between C 0P and AUC P when coadministered with CsA compared to TAC [3, 4] .
Despite application of therapeutic drug monitoring (TDM) strategies that target patients to narrow plasma MPA concentrations (C 0P : 1.9-3.5 mg l -1 ) or AUC P ranges (0-12 h: 30-60 mg h l -1 ) when coadministered with TAC [3, 5] , rejection rates in Australian renal transplant recipients remain relatively high (13-24% in the first 6 months post-transplantation) [1] . This suggests that monitoring of plasma MPA concentrations alone may be inadequate to predict graft rejection and may not be the most appropriate predictor of target lymphocyte (site of action) concentrations, and hence, clinical outcomes. Direct measurement of lymphocyte MPA concentrations may provide a better understanding of its immunosuppressive efficacy and distribution during graft rejection. The importance of such an approach has already been demonstrated for CsA [6] [7] [8] [9] and TAC [10, 11] by direct quantification of peripheral blood mononuclear cells (PBMCs), representing the target site of action. It has been suggested that lower PBMC CsA [9] and TAC [10] concentrations are associated with significantly higher incidences of graft rejection, which were not reflected by whole blood concentrations. Little is known regarding the relationship between PBMC and plasma MPA concentrations. In 40 kidney transplant recipients, no association between MPA C 0P and predose PBMC (C 0C ) MPA concentrations was found [12] . However, a later study conducted by the same group reported significant correlations between plasma and PBMC MPA concentrations at 1.5 and 3.5 h postdose, but not between MPA C 0P and C 0C concentrations on days 2, 4 and 10 post-transplantation [13] . No other studies have investigated the factors that determine PBMC MPA concentrations. Two important modulators of these concentrations may include the binding of MPA to plasma albumin, and the possible role of PBMC uptake and efflux transporters in modulating intracellular concentrations. MPA is a substrate for the efflux transporter multidrug resistance-associated protein 2 (MRP2) [14] , which is also expressed in lymphocytes [15] . Genetic variability in the ABCC2 gene that encodes MRP2 may, therefore, influence PBMC MPA concentrations and modulate the efficacy and/or safety of MPA therapy.
Pharmacodynamic monitoring of MPA by the measurement of IMPDH activity has also been investigated in PBMCs [13, [16] [17] [18] [19] [20] [21] . In general, there is an inverse relationship between plasma MPA concentrations and total PBMC IMPDH activity (type I and II). Within a dosing interval, maximum inhibition of activity coincides with the maximum plasma MPA concentration, and activity returns to predose levels by between 3.5 and 11 h postdose [13, 16, 19, 21] . Population pharmacokinetic-pharmacodynamic (E max ) modelling has been used to calculate EC 50 values for the inhibition of IMPDH activity by MPA, which range from 0.97 to 5.4 mg l -1 , in both adult and paediatric renal transplant recipients [16, 19, 21] . However, the relationship between trough plasma MPA concentrations and IMPDH activity is less clear [13, 18, 20] . Similarly, the relationship between IMPDH activity and clinical outcomes is not well defined. An increased risk of acute rejection in patients with high pretransplant IMPDH activities has been reported [17] , but there appears to be no relationship post-transplant between predose IMPDH activity and acute rejection [20] . This study aimed to investigate PBMC MPA concentrations and intracellular IMPDH activity as predictors of early graft rejection in kidney transplant recipients. We hypothesized that PBMC MPA concentrations within the early posttransplant period may have greater relevance for predicting IMPDH activity and the incidence of graft rejection, compared to plasma MPA concentrations.
Methods

Study population, pharmacokinetic and clinical data
Forty-eight kidney transplant recipients gave written informed consent to participate in this prospective clinical study, which was approved by the Royal Adelaide Hospital Research Ethics Committee (approval number 130109). The study was conducted in accordance with the Declaration of Helsinki and the Australian NHMRC Statement on Ethical Conduct in Human Research. Recipients were transplanted between June 2013 and November 2014 with kidneys from living and deceased donors. They received the MPA prodrug, mycophenolate mofetil (MMF, 1 g twice daily) for maintenance immunosuppression in combination with TAC and prednisolone. For each recipient, a fine-needle graft biopsy was taken between 5 and 22 days post-transplantation. On the same day, blood was drawn to assess trough plasma MPA concentrations. Total trough plasma MPA concentrations (C 0P ) were determined using a validated high-performance liquid chromatography (HPLC) method [22] , and matching unbound (C 0u ) plasma MPA concentrations were determined following temperature controlled (37°C) ultrafiltration of plasma samples. MPA-d3 internal standard (Toronto Research Chemicals, Toronto, Canada) in methanol was added to ultrafiltrate, vortexed and centrifuged prior to analysis by liquid chromatography using an Acquity UPLC HSS T3 C18 analytical column (1.8 μm, 2.1 × 100 mm) and Acquity BEH C18 precolumn (1.7 μm, VanGuard 2.1 × 5 mm) maintained at 40°C, with gradient elution using 2 mmol l 
ABCC2 genotyping and haplotype predictions
Blood samples from recipients were also used for determination of the common ABCC2 allele variants (-24 C > T, 1249 G > A and 3972 C > T) [24] , and ABCC2 haplotypes were inferred by the use of PHASE software version 2.1.1 [25] . The recipients were divided into high, wild-type (WT) or low MRP2 expressor groups according to ABCC2 haplotypes reported previously by Laechelt et al. [26] .
Isolation of PBMCs from whole blood
Additional duplicate blood samples (2 × 9 ml) were collected in EDTA tubes at the same time as the C 0P sample [median (range): 13 (5-22) days post-transplant] and were processed individually within 4 h after collection to ensure maximal PBMC yield. PBMC were isolated with Lymphoprep (AxisShield, Oslo, Norway) according to the manufacturer's protocol with several modifications. In brief, 9 ml of patient's blood were diluted with an equal volume of 0.9% ice-cold NaCl, underlayered with 9 ml Lymphoprep and centrifuged without brakes at 1200 g at 4°C for 20 min. After centrifugation, PBMCs were harvested from the plasma/Lymphoprep interface and washed three times with 30 ml of 0.9% NaCl (centrifugation at 1200 g at 4°C for 10 min). The washed PBMC pellets were resuspended in 5 ml of 0.9% NaCl and 500 μl used for cell counting (in duplicate) on a haemocytometer. Each duplicate sample was centrifuged (1200 g, 4°C, 10 min), and each corresponding PBMC pellet was stored at -80°C for later determination of MPA C 0C concentrations and IMPDH activity, respectively. Fresh blood (150 ml) obtained from healthy volunteers was used to isolate PBMCs (treated as 9 ml aliquots as described above) for the preparation of calibrator and quality control (QC) samples.
Measurement of predose PBMC MPA (C 0C ) concentrations
Measurement of C 0C concentrations from patient samples was based on our previously published liquid chromatographytandem mass spectrometry (LC-MS/MS) method for the quantification of MPA in human kidney transplant biopsies with slight modifications [27] . On the day of the assay, frozen patient and blank PBMC pellets were thawed at 4°C and placed on ice. Subsequently, 200 μl of ice-cold phosphate buffered saline (PBS) pH 7.4 was added to each thawed patient cell pellet and was mixed thoroughly. The calibrators and QC samples were prepared from blank PBMC pellets (containing 10 7 cells), to which 100 μl of PBS solution was added followed by 100 μl of MPA working solutions (prepared in 50% MeOH), to attain final concentrations of 0.1, 0.2, 0.5, 1.0, 3.0 and 5.0 ng ml
for calibrators and 0.3, 1.5 and 2.0 ng ml -1 for QC samples.
To each calibrator, QC and patient sample, 60 μl of 0.4 mol l
HCl, 10 μl of 0.2 μg ml -1 MPA-d3 internal standard and 1 ml of tertiary-butyl methyl ether were added. MPA extraction and cell lysis were performed by gently mixing on a roller mixer for 10 min followed by centrifugation at 1900 g at 4°C for 10 min. The organic layer was removed, transferred to a 5 ml disposable glass tube and evaporated to dryness using an evacuated centrifuge at 45°C for 20 min. The dried residues were reconstituted with 50 μl of 50% methanol, vortexed for 2 min and 10 μl of the reconstituted solutions injected onto the LC-MS/MS for analysis. Analytical and LC-MS/MS conditions are described elsewhere [27] . The assay was fully validated according to the US Food and Drug Administration guidelines for bioanalytical methods [28] with assessment for linearity, accuracy, precision, extraction efficiency, matrix effects and stability. The calibration curves were linear, with coefficients of determination (R 2 ) greater than 0.99 (n = 5), and intra-and interassay inaccuracy and imprecision were <15% (n = 5). MPA extraction efficiency displayed good reproducibility, with coefficient of variations (CVs) ranging from 0.1 to 5.2% and matrix effects were minimal (< 10%); both were assessed at three MPA concentrations (1.0, 5.0 and 20.0 ng ml -1 ) in duplicate. MPA was stable when spiked into blank PBMCs, with no significant degradation after 12 h at room temperature or 6 months at -80°C, nor in postprocessing samples left in the autosampler (4°C) for 24 h. Other immunosuppressants likely to be administered with MPA (i.e. TAC, CsA, prednisolone, sirolimus and everolimus) had no significant effects on either MPA or MPA-d3 peak areas. The measured MPA C 0C concentrations were adjusted according to the number of PBMC extracted and expressed as ng 10 -7 cells.
Measurement of PBMC IMPDH enzyme activity
Measurement of IMPDH activity from lysed PBMCs was based on previously published HPLC methods for the quantification of IMPDH activity in PBMCs [16, 29] . In brief, after thawing at 4°C, the PBMC pellets were resuspended in 900 μl ice-cold Millipore water and insoluble fragments of disrupted cells were removed by centrifugation at 15 800 g at room temperature (RT) for 2 min. The PBMC lysate was used for protein content (20 μl) and IMPDH enzymatic activity (50 μl) determinations. The measurement of lysate protein concentration was performed with Bio-Rad Protein Assay Reagent (Bio-Rad Laboratories, California, USA) using bovine serum albumin as standard according to the manufacturer's protocol. IMPDH activity in PBMCs was determined from the conversion of inosine 5 0 -monophosphate (IMP) to xanthosine 5 0 -monophosphate (XMP) based on methods described previously [16, 29] . Briefly, the IMPDH incubation mixture (pH 7.4) consisted of 1 mmol l -1 IMP, 0.5 mmol l 
Data analyses
Normality of data distribution was assessed by the D'Agostino and Pearson omnibus normality test. Correlations between MPA C 0C , C 0P and C 0u concentrations and IMPDH activity were assessed using a Spearman's rank correlation (r s ). Differences in MPA C 0C , C 0P and C 0u concentrations, and IMPDH activity, between patients with and without graft rejection were evaluated using Mann-Whitney rank sum test. Receiver operating characteristic (ROC) curve analysis was performed to assess the ability of either MPA C 0C concentrations or IMPDH activity to predict graft rejection. Associations between MPA C 0C , C 0P and C 0u concentrations, and IMPDH activity, with the severity of rejection (no evidence of rejection, subclinical or borderline rejection, and severe cellular or vascular rejection) were assessed using Kruskal-Wallis tests (with Dunn's posthoc for multiple comparisons). The Mann-Whitney rank sum test (CIT, PRA, creatinine, bilirubin, AT1R and TAC C 0 concentration), unpaired t-test (recipient and donor ages, HLA and albumin) and Fisher's Exact test (sex, ethnicity, donor-specific HLA antibodies post-transplant, type of donor graft and DGF) were used to investigate the differences in demographic and clinical covariates between patients with or without rejection episodes. All analyses were performed using Prism version 6.0 (GraphPad Software, Inc, La Jolla, CA, USA). Differences between MPA C 0C , C 0P and C 0u concentrations, and IMPDH activity, with the severity of rejection were also analysed using Jonckheere-Terpstra tests (SPSS, version 19, IBM, Armonk, NY, USA). All data are presented as either mean ± standard deviation for continuous parametric data, median (range) for continuous nonparametric data or frequencies (absolute numbers) for categorical data. Statistical significance was considered for P-values <0.05. Multivariate analyses were performed using R [30] , with false discovery rate (FDR) adjusted P-values <0.05 considered significant. A step-up logistic regression model with step-wise addition of factors was used to compare current TDM practice using blood TAC and MPA C 0P with MPA C 0C , as predictors of rejection. In addition, a step-up linear model of multivariate regression with step-wise addition of factors was used to investigate associations between recipient MRP2 phenotype, plasma albumin concentration, MPA C 0P and MPA C 0C .
Nomenclature of targets and ligands
Key protein targets and ligands in this article are hyperlinked to corresponding entries in http://www.guidetopharmacology.org, the common portal for data from the IUPHAR/ BPS Guide to PHARMACOLOGY [31] and are permanently archived in the Concise Guide to PHARMACOLOGY 2017/18 [32, 33] .
Results
Patient characteristics
Patient demographic and biological characteristics are shown in Table 1 . Thirty-nine patients (81%) were Caucasians and nine were Indigenous Australians. Sixteen patients (33%) experienced graft rejection during this study at an average ± standard deviation (range) of 12 ± 5 days (5-22 days) post-transplantation. There were no significant differences (P ≥ 0.15) between the rejection and no rejection groups with respect to recipient and donor ages, sex, ethnicity, HLA mismatches, CIT, PRA, AT1R antibody levels, serum concentrations of creatinine, albumin or bilirubin, or trough whole blood (C 0B ) TAC concentrations (Table 1) . TAC doses had been adjusted according to TDM practice and, at the time of study, only four patients had concentrations below the recommended therapeutic range. No MMF dosage adjustment had been performed and all subjects received 2 g day -1 .
ABCC2 polymorphisms and inferred MRP2 phenotype
Allele and genotype frequencies for the study cohort are shown in Supporting Table S1 . Genotype frequencies did not deviate from Hardy-Weinberg equilibrium (P ≥ 0.1). Eight ABCC2 haplotypes were identified ( [16, 17] . There was no correlation between MPA C 0C and C 0P concentrations (P = 0.055, Table 2 ), and no correlations between predose IMPDH activity and either C 0C (P = 0.066) or C 0P concentrations (P = 0.64, Table 2 ). There was no effect of inferred MRP2 phenotype on either C 0C or the ratio of C 0C / C0P (P > 0.43, data not shown). MPA C 0u plasma concentrations (n = 34) ranged from 1.0 to 166.4 μg l -1 (median = 19.2 μg l -1 ) and were significantly correlated with MPA C 0C and MPA C 0P (P = 0.013 and < 0.0001, Table 2 , Figure 1 ) concentrations, but not with predose IMPDH activity (P = 0.878, Table 2 ).
Relationships between rejection and MPA C 0C , C 0P and C 0u concentrations, and IMPDH activity
In the rejection group (n = 15), 11 (73%) patients developed severe cellular or vascular rejection, and four (27%) patients were classified as subclinical or borderline at the time of protocol or for-cause biopsies. There was no difference in MPA C 0P , C 0u or predose IMPDH activity between recipients with or without rejection (P > 0.197, Table 3 ). However, median MPA C 0C were 59% lower in recipients with rejection compared to those without rejection (P = 0.029), and there was a statistically significant concentration-effect relationship between MPA C 0C and the severity of rejection (JonckheereTerpstra trend test, P = 0.015, Table 3 , Figure 2 ). ROC curve analyses were performed to provide threshold data for predicting the risk of rejection using MPA C 0C . The ROC area under the curve (AUC) for the prediction of all rejection using MPA C 0C concentrations was 0.70 (P = 0.03), with a threshold of 0.55 ng 10 -7 cells providing 70% sensitivity, 67% specificity and a likelihood ratio of 2.09 ( Figure 3A) . The ROC AUC for the prediction of severe (cellular/vascular) rejection using MPA C 0C concentrations was 0.75 (P = 0.013; Figure 3B ), with a C 0C threshold of 0.5 ng 10 -7 cells providing 73% sensitivity and specificity, and a likelihood ratio of 2.68.
Table 2
Spearman rank correlation coefficients (r s ) and P-values for mycophenolic acid (MPA) pharmacokinetic variables and predose inosine monophosphate dehydrogenase (IMPDH) activity Spearman rank correlations between: (A) trough plasma mycophenolic acid (MPA) concentrations (C 0P ) and predose MPA PBMC concentrations (C 0C ); (B) trough plasma unbound MPA concentrations (C 0u ) and C 0C ; and (C) C 0P and C 0u in 48 renal transplant recipients Multivariate analyses of pharmacokinetic variables associated with rejection, and PBMC
MPA concentrations
Multivariate logistic regression analysis demonstrated that MPA C 0C (P = 0.011, FDR-adjusted P = 0.033) was the only significant independent predictor of rejection with lower MPA C 0C predicting rejection with a ROC AUC of 0.72. In contrast, there was no association between rejection and TAC C 0B (FDR-adjusted P = 0.395) or MPA C 0P (FDR-adjusted P = 0.129), used for current TDM. With regard to prediction of MPA C 0C , the final multivariate regression model incorporating only MPA C 0P , predicted 19% of variability in MPA C 0C (FDR-adjusted P = 0.003). There was no significant effect of recipient MRP2 phenotype (FDR-adjusted P = 0.691) or plasma albumin concentrations (FDR-adjusted P = 0.482) on MPA C 0C . Since there was a strong association between C 0P and C 0u , and there were several missing C 0u values, C 0u was not tested as a predictor of C 0C in the multivariate model.
Discussion
There has been considerable effort to understand the relationship between MPA pharmacokinetics and pharmacodynamics, in an attempt to reduce the risk of rejection after renal transplantation. As for other immunosuppressants (TAC or CsA), MPA concentrations in PBMCs may better predict efficacy compared to blood/plasma concentrations [9] [10] [11] , as they may better reflect intralymphocyte immunosuppressant concentrations. This study investigated differences in the associations between MPA C 0C or IMPDH activity and graft rejection, versus MPA C 0P and graft rejection.
The primary outcome of this study supports our hypothesis that obtaining PBMC MPA concentrations may provide greater prediction of graft rejection compared to measuring trough MPA concentrations alone, as there was a concentration-effect relationship between MPA C 0C and severity of rejection, but no relationship between MPA C 0P and rejection. In addition, multivariate analysis confirmed that MPA C 0C was the dominant pharmacokinetic factor predicting rejection in our study population, who were already receiving TDM for trough blood TAC concentrations.
In the multivariate analysis, MPA C 0P was the only significant pharmacokinetic variable associated with MPA C 0C . However, it only explained 19% of the variability in MPA C 0C ; consistent with no correlation observed between MPA C 0C and C 0P . The lack of prediction of graft rejection by MPA C 0P concentrations is consistent with previous findings in renal transplant recipients also receiving TAC [34, 35] , and suggests that MPA C 0P concentrations may not be the best predictor of rejection. The current MPA therapeutic range is derived primarily from plasma total AUC data [3, 4] , which is a better predictor of rejection than trough plasma concentrations. However, full AUC monitoring in clinical practice is impractical (requiring intense sampling during a 12 h dosing interval), labour-intensive and costly. Alternatively, a Bayesian population forecasting model [36] may have been more suitable to predict individual MPA exposures and should be compared to C 0C in future studies.
Although univariate regression analysis showed a weak correlation between MPA C 0C and C 0u concentrations, C 0u was not a significant predictor of rejection in univariate analyses. This was surprising as it is unbound MPA which exerts pharmacological effects [37] to inhibit IMPDH activity. Nonetheless, this observation is in agreement with previous findings [38, 39] . It is possible that the smaller number of recipients for whom C 0u (73% of cohort) were available may have resulted in a type II statistical error. Alternatively, it is possible that carrier-mediated MPA uptake into or efflux out of PBMCs complicates the relationship between C 0u and unbound C 0C (not measured in this study). MPA is a substrate of the efflux pump, MRP2 [14] , so that ABCC2 polymorphisms affecting the expression and/or function of MRP2, may be a source of the variability observed in MPA C 0C . For example, the ABCC2 CAC (-24C/1249A/3972C) haplotype is associated with significantly higher MRP2 expression and activity [26] , and may therefore modulate MPA immunosuppressive efficacy. However, in this study, recipient ABCC2 haplotypes were not significantly associated with MPA C 0C , which may therefore reflect a weak expression of MRP2 in PBMCs [15] , or a subtle effect of ABCC2 genetics that is not detected by our small sample size. MPA is also a substrate for P-glycoprotein [40] that is similarly expressed in PBMCs [41] . Determination of differences in the expression and/or function of this transporter may also help explain some of this MPA pharmacokinetic variability.
This study also investigated the potential for IMPDH activity in PBMCs as a useful biomarker, as it may correlate more closely to the biological response of MPA than plasma concentrations. Although predose IMPDH activity was not a significant predictor of rejection, our relatively small sample size could have resulted in a type II statistical error. However, in a study of 101 renal transplant recipients, Sombogaard et al. similarly found no association between post-transplant predose IMPDH activity and acute rejection [20] . It may be that the time at which IMPDH activity is assessed is important. Glander et al. reported that patients with high pretransplant IMPDH activity (hence requiring greater inhibition post-transplant) had a 3.6-fold higher incidence of graft rejection compared to patients with low pretransplant IMPDH activity [17] . In addition, many studies have demonstrated that minimum IMPDH activity occurs shortly after MMF administration, coinciding with peak plasma MPA concentrations, followed by recovery of IMPDH activity by 3.5-11 h, to predose levels [13, 16, 19, 21] . Thus, our study may have been limited using only a single predose measurement taken 5-22 days post-transplantation. Consequently, the measurement of IMPDH activities at multiple time points, which we were not able to perform in this study, may be needed to further elucidate the predictive nature of this factor.
Measurement of IMPDH messenger RNA (mRNA) has also been investigated as a possible predictor of rejection, particularly to differentiate between the two types of IMPDH isoforms: type I, which is expressed in all cell types; and type II, which is expressed only in activated lymphocytes [2] . In isolated human T lymphocytes, both IMPDH type I and type II mRNA is increased following activation, correlating with increased total IMPDH activity [42] . However, like the measurement of IMPDH activity, the relationship between IMPDH mRNA expression and rejection is not clear. One study in renal transplant recipients found that low posttransplant expression of both type I and II mRNA was associated with acute rejection, although there was no correlation between total IMPDH activity and type I or II mRNA expression [20] , whilst a later study reported an association between rejection and high pretransplant expression of both type I and II mRNA [18] .
In conclusion, the results from our study suggest that MPA C 0C may represent an additional tool for individualization of MMF dose following renal transplantation. Its clinical application may be most practical as a single test during the early post-transplantation period, when the risk of developing graft rejection is highest, and when protocol or for-cause biopsies are also usually performed.
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